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Unit 13906, sponsored by the Assistant Secretary of the Army (R&D).

The report was prepared by Dr. W. R. Barker of the Pavement Systems Divi-

sion (PSD), Geotechnical Laboratory (GL), U. S. Army Engineer Waterways Experi-
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Chiefs of PSD. The Chief of GL was Dr. W. F. Marcuson III.
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Conversion Factorsj. S. Customary to Metric (SI)
Ur its of Measurement

U. S. customary units of measurement used in this report can be converted to

metric (SI) units as follows:

Multilp y BTo Obtain

feet 0.3048 metres

inches 2.54 centimetres

kips (force) per square inch 6.894757 megapascals

knots (international) 0.5144444 metres per second

pounds (force) per square inch 6894.757 pascals
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PREDICTION . PAVEMENT ROUGHNESS

Introduction

For many years the emphasis in pavement research has been directed

toward the development of a mechanistic approach t, pavement design. Nearly

all such design procedures have been based on an empirical correlation between

pavement distress and computed pavement response parameters. The computed

response parameters are normally based on a deterministic evaluation of mate-

rial properties and pavement section geometries. These design procedures do

represent an advancement in the state of the art of pavement design in that

they provide a mechanism for considering basie material propprties and pave-

ment response. A shortcoming of these procedures is the fact the procedures

do not lead directly to a prediction of the functional perfo-mance of a

pavement. For military airfields the concept of functional requirements is

particularly important. The importarcea of functional requirements are illu-

strated in the studies of methods for repairing oomb damage 3nd the minimum

pavement requirement for alternate pavements to be used only in emergency.

In each of these examples the conventional definition of pavement distress

becomes meaningless. The principal consideration is the effect the pavement

surface has on the operating aircraft. An example of the acceleiition forces

generated by a B-52 i,craft operating on a hypothetical sinusoidal profile is

shown in Fig. I (Horn 1977). For the hypothetical sinusoidal profile the

critical wave length for various aircraft speeds is shown in Fig. 2 (Horn

1977). Thus it is seen that the forces generated are dependent on both the

amplitude, frequency of rutting, and speed of the aircraft With this in mind

then the prediction of pavement roughness is seen to involve not only the

prediction of a rut depth but also the prediction of the distribution of the

rutting.

Scope

This report presents a general methodology for predicting pavement

roughness and a specific methodology for predicting rutting in flexible

pavements. No specific method was developed for predicting of roughness for

rigid pavements nor for the roughness caused by swell and frost heave of

pavements.

F 4



A proach

Tile predict ion of pavement roughness involves the generat ion ot hypo-

thetical pavements that meet known statisticai parameters for suriace profil-.:

thickness and ngite ril properties. For each of these pavements a mechanistic

model is used to predict the development and distribution ot rutting with

t raf f i. Thus at any time in traffic a profile for each pavement ran be yen-

erated and the resulting profile analyzed as to the effect on using aircraft

by using an aircraft simulation program, such as the one described by Horn

(1977). If a sufficient number of hypothetical pavements are analyzed, then a

distribution of roughness parameters can be generated such that the probability

that a certain roughness develops is predicted.

Generation ofHypothetical Pavements

The generariin of a series of parametric values that meet statistical

data may be a ,compl ished in a number of ways. One of the simplest is the use

of a distribution Iunction by which a series of values will he distributed.

The values can be selected randomly from the distribution such that resulting

set will have no order but will have a specified mean and standard deviation.

The most commonly used function, the normal distribution, has some undesirable

properties, mainly that the possible values are unbounded and the data are

symmetricallv distributed. Possiblv a better distribution function would he

the Beta function as described by Harr (1977). The Beta function overcomes

some of the disadvantages of the normal distribution in that it may be skewed

and has a specified minimum and maximum value. A computer program was written

(Appendix A) that provides a set of values that are distributed according to

the Beta function and has a given mean, standard deviation, minimum value and

a maximum value.

Consider for example the generation of 40 values having a mean of 6.7,

a standaird doviation of 2.2. a mininuM value of 2 aind a maximum value of I).

The values gnen'ratt d hy the ,omptiter provram hiving the required statistical

properties are given in Appendix A. The dist ribution of the values is shown

ill Fig. i. Such a distribition could \,eor wIll represent the values of soil

strength in terms of California ,earing Rtio (C1111) where CBR values :ire bounded

and have a skewed distrii hut ion. The parwivtooers describing :1 pa\,nont svection

cmii a lso be generated nsing the Beta distribution tun ltion.

5I.
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F.,roll .1 stat i st i ca I pointit thle ra ndomly gonie r~it d vaIlu vs sa t i sf y tlie re-

qo 1 rement if tithe p robl1em. IfV ill thoee 00rat ion oft the p rope rtijes for aI hypo-

thet icaI pavement . thle points t or whicli p~ropert ies art, being generated are

siji V io ettv ftar apart that the propert t's aIre independent of one another, then

thle protoddire is correct. For atir-fitld paiveL.-onts where t he criticail wavelength

s rather long aind proper t ios -ire on 1v generaited for these points, t hen the

routine max' be stiff icient lv correct to list'. If the shorter wavelengths are

to he cons ide red aind the prope rt ies at one poinlt are intf uiinced liv the p ropertiles

of adjacent po its, lien aidditional rest rain ts muLSt be plaiced on the genera t ion

S clheme.

lDr Per P1 i dt z deLveloped suIch t outine for pred ictiton of roughiness, in

highway pavements where the critical wavelengths are much shorter than in

ai r t i 0t1d pavemeInt S. Dr. UPhI idtz f irst t ried whit lie cal led Irandom wailk in

which the mean of aI paraimeter (ltst ribut ion waIS sot equal to thle va lioo oit tile

p rev ions pe in t. rh is procedureo resut! ed in unrea1isticallyV smoo th pavements

Aid thlius thle scheme was mod if ied to what Dr. 1111i d t named tile modified random

walIk. This scheme is differeiit in that the mean of the parameter distribution

is ai project ion oif thle va limos of the pre i ous lv det ermi nod two Va I tis. Tile

two schemes aire i 1liust rated in V-ig. 4 (Fig. 2 of l11itltz).

In aI stumdV Of thle sign iti cant cliarzc ten st ics of runwayV roughlness , Be rens

anid Newman ( Berens , 197-1, AFFDL-TR-73-109) tle1VelopeOd al COMpiLto r p rogram totir

gonerat ing hypot het ical run1wayV Prof ilos t hat hil a spec it ted power spot t raI

density (PSI)) .

a Ilst the PSD of a nimbeir of' diffeV1 renit pavemi ts wore dote rmi ned aind a

typical new pavement PSI) was est imated. Thins using the computer programsa

profile ctoulId lie dote rmined that wtoulIt s imntate a now pavement. In the si mulIa-

tion process a methodology was developed for random spacing of the different

waves along tile pavement profile. An example of thle results of the simulatiolc

process is shown in Fig. 5.

The probleim oif developing probabltistic intformat ion aibont thle emiginver ing

parameters of a space also exists in other areas of geoteclinical engineering.

Consider the paper by Wu and Wong (Wu and Wong 1981) that describes

the case history oif aI problem in probhahi list ics soil exploration. Ill this

case,* thle soil propcertilos are ineastiroth at several loca tions. The p robabi1lit y



contours are developed based on a proximity rile. For pavment design, it is

usually not possible to have measured paramecers since the pavement system is to

be constructed in the future. Still such a proximity rule could be used partic-

ularly if short wavelengths are important. The basic concept would be to

randomly select parameters at distances such that they can be considered

mutually independent. These values can then be considered the same as measured

values and a proximity rule used to develop parameters between the randomly

determined values.

Prediction of Pavement Rutting

General

Two basic approaches were available for prediction of the pavement

rutting - the statistical and mechanistic. Barber et al. (1978) conducted a

study of numerous pavements and developed a statistical model for prediction

of the rut depth as a function of CBR, thickness, and traffic. This particular

model provides the rut depth as a deterministic value or a statistical value.

If the rut depth is determined statistically, i.e. in terms of a mean and variance,

then the rut depth can be distributed directly. Although Barber's model cur-

rently exists, for reasons of veritility and laboratorv testing considerations

a mechanistic model for prediction of rutting was developed.

Permanent Strain Model

The mechanistic model is based on a laboratory-determined relationship

between the permanent deformation (c p) and the resilient deformation (c R) and

state-of-stress along a vertical axis of the pavement system. The first work

accomplished toward developing the mechanistic model was to review available

laboratory data for the development of the relationship between C and CR and
P

to show the feasibility of using the approach for predicting rut depth. This

study was rather lengthy and involved; therefore the results are presented sepa-

rately in Appendix B. Although the methodology presented in Appendix B was a

viable methodology, it did not lend itself to a computerized procedure.

From the data analyzed in Appendix B it was apparent that the relationship

between E and ER is influenced by the soil strength. To develop the relation-
P

ship with soil strength the WES data were plotted as shown in Fig. 6. For each

of the repetition levels a relationship is shown between the ratio of cp and c R

and the resilient modulus (MR). By considering the relationship shown in Fig. 6,

•7 .• ..



the relationship that

C R 
where

R= 0.4 (Stress Reps)
0 .12

d

R

d = repeated deviator stress in laboratory
triaxial test

tR = measured resilient strain in laboratory
triaxial test

is developed.

As an independent check of the relatiorship, a comparison was made with

experimental data reported by Ogawa (1972). This comparison is shown in Fig. 7.

Model for Resilient Modulus

For the purpose of this study a comparison with actual test data would

be most desirable. One problem is that the strain model is based on MR where

the measured material property in the field test sections is the CBR. Making

the conversion from CBR to MR is rather difficult since the MR is a function
of stress as well as material properties. This conversion was made by devel-

oping an empirical correlation between field CBR and MR. The correlation may

be expressed by the equation

where
1.9661

x =4.5682 - .9661 (6.5 + )
8.55 CBR d

C, = repeated deviator stress

The relationship is shown graphically in Fig. 8.

This correlation was developed from data obtained in connection with a

study (Parker et al. 1979) to develop a correlation between plate bearing value

and MR. For the study a number of field sites were selected based on an attempt

at having sites covering a wide range of soil types. At each site plate bearing

and CBR tests were conducted and undisturbed soil samples were taken. Resilient

modulus tests were conducted by the WES Geotechnical Laboratory. An example of the

8



laboratorY rsilient modulus data and compa rison with th h jodo-) is giez Jn

Fi g. 9. With tle Mod. is now it is possible. providvd tile stress dis ribhujt i, n

is known, to make prediction ; of permanent def ormation for various prototype

pavement tests that ihvo bten ,'oduCted cit WES.

Stress M odel

Mihen 'ons ide r ik the stress d ist r ib it i n in f I ex i b l pemeri s , rhe

structural iavers above the subgrade are divided into bound and unbouond materinls.

Bound materials are capable of substaining tensile stress and thus tend to dis-

tribute load as a slab; however, complete slab action is unlikely. Shrinkage

and load associated cracking reduce the load-distributing characteristics of

stabilized layers in pavement systems. In another study (the report to be

published later) it was shown from data obtained in prototype testing of air-

field pavements that bound layers give a load-distributing effect equivalent to

a two-layered system having a modulus ratio (modulus of elasticity of the top

layer divided by the modulus of elasticity of the bottom layer) between 3 and

4. This ratio will depend somewhat on the type material being stabilized and

the amount of stabilization. For graveLs that are well stabilized the ratio

will approach 4; whereas for clays the ratio will be closer to 3. If there is

very dense cracking in the stabilized material, the ratio could be lower but

this is not likely to occur before complete failure of the pavement system.

Unbound structural layers, both crushed and uncrushed gravels, in a pave-

ment system distributed the load equivalent to a two-layered system having a

modular ratio of 1; that is to say the stresses will be distributed according

to the Boussinesq stress model.

Since the procedure for predicting roughness requires the computation of

stress many times, it is desirable to have a rapid means for nerforming these

computations. For this a computer program was written using tabulated stress

factors that are a function of the r/t ratio, r/z ratio, and the modulus ratio

where r is the radius oi the load area, t is the thickness of the structural

layer, and z is depth to the point for computation of stress. An example of

the stress distribution for the G-SA is given in Fig. 10.

Rutting Model

The rutting model consists of the permanent strain model and the stress

distribution model. This model is illustrated in Fig. 11. There are some

6WI



.-. I: [t i 0'n 11s It flit Is t bie ITT, Lit u ed w1,- th t he ulse oft )IV Indtc fi. e f i r st assurnp-

t i is t Iat a s t res s repet it i on is svnon\-mnus wit 1 a yoe rac.1 'Ihe Secknd

,IssuIt111p i onl i; ,II.it no, I, radnenTI it St ra 10l occurs iii hound 1 avers . For cement or

lI je-st,11i I icedl material , this has leo'! 10ound to, essential ly he true as long as

SIeC" 1 Ioun Mlt V Ina~ IS comp Ie t e Iy f I i 1 . F r aisplal t bound materials rut ting can

occur with in these 1laver". !his is; part i cul an v true it a poor des ign is used

in the mix. 1his report pitesonts no, rutting model for use in predicting rutting

in the asphialt hound mat erials . Fortu-nate lY Most military airfields have well -

des iined asphalt bound lavers that are fi nv thin and thus the rutting within

these layers will be neglicible. Thie third assumption is that although the

permanent strain miodel Was dCeeloped based on test ing Of subgrade soils, it is

assumed to be useabi e tor oi'raInUl. ar mteria is. 'Iii 1 assumption can be Justified

I ron-, the data presentedc in Appendix B.

The rutting model as; presented in Filc. 11 provides a deterministic

evaluat ion of- the, rut depIth). I f thle miodel described for generat ion of a hvpo-

tlletiCal1 pav'ement iS Used f-or generat ion of the material properties and struc-

tural laver thickresses and aI sufficient number of sect ions are generated, then

the variat ions in nut depth can be simulaited. This procedure, referred to as the

Monte Carlo procedure, can he used to determine thle prohahil1itv of the rut exceed-

iniz a certain valueo or, if used in connection with an aircraf -t simul ation program,

the probability of the acceleration forces exceeding a certain value.

Prof . 'I. llnr mT rroducud ill ! qhort course, a proceduro hel r-ferred to

as'I nuel's pieeediirt- thadt COUld h0 USed l t co MI)utk the rut dlepth in ,ta-

tis t i -;Il teVI Is,. Illo procedures use, a I fin ite difference prockdure whert, the

Jepiidnt'a ncOf a3 fullt ion is oImpured at both th.? moan pl us a-I in~r

dViaition anid the ri,,in Inius Istan(Lird deviation of the indvpondenr vral

Thewse two values are, used to '0rpo)It, ilho mean ind deC'iall ion of th,. d pende.nt

vearliio. Thle pro -dor, for a singlo independent vatriaible is :or

y = f(X

theun y = 112 (x + + X)

dliii S 112 (X + x

10



where

Y = mean of Y

S = standard deviation of Y
v

Y+ = F(X +S )
xY- FR+SX

mean of X

S = standard deviation of X
x

the variance, V , of Y can be computed by
Y

S
V - (100)

This procedure can be extended to multiple independent variables by considering

the functional value for values of the mean plus or minus a standard deviation

for each of the independent variables, i.e.,

2 + )

where
X+ = the mean plus a deviation for variable 1

X- = the mean minus a deviation for variable I

X2 = the mean plus a deviation for variable 2

X2 = the mean minus a deviation for variable 2

= a mean of the function with respect to variable 1 with all other
variables at the mean

S1 = a standard deviation with respect to variable 2 with all other
variables at the mean

2 = same as P1 but with respect to variable 22

S = same as S2 but with respect to variable 2

Also the value of the function at the mean of all variables is used and is

computed by

11



I ( x x2)

where

L h euofvral

=the mean of variable I

NOW t~lo equat ion

can be 1ised to compute 0the fill' 111 of tileL tunot iW. Fi- ia i-,t1 qult inS

-S

are used to Compute the variance, V1 and V, , witht respect t ecb of the %arablI s.

Now the equation

1 - V 0 ( + V 0 ( + V'

an be used to compuite the variance ot the I unct ion with respect to all variables.

The Rosenbl 1 ue h p rocedu re was CCTibimed with the rut t inc trod ol and comput or i 7ed

'oCiv a computer program for computing the rut depthl in stat istical terms.
Tht listing of this progran is given inl Apuend iX C. With th, ru t depth compu-

ted in statist ical terms, the rut could be distributed directly to produce the

rimnway profile.

Other Cols iderat ions

A mtie th (ooog y h)a s b e en p r ese n ted( f or g en era It i ng a n ew aIi rfti elId paiIve -

ment prof ilIe and material properties that meet given stat ist IaI dat a . For

flexible airl, je d pavements these data can be uised to predict the development

oi permanent djeformat ion with traf fic and thius const ruct a predict ion ot the

prof ile wi th t raf f ir. Using the prof ile as input inl an aircrat t simulat i on

program, a measure of roughness is obtained. The methodology developed thus far

is raither crude bumt dnes illuLstralte the feasibiIi tv of the approach and provides

basic models necessarv for future devel opment . As mentiomned earlier, a p)res CSSug1

need is for the development of the proximity rules to be used in gene r t ing the

initial pavement sect ions. Venificat ion of the proximitv roles Should be

accomplished by comparison lvith actual measured airfield data.

12
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Also a factor that could be considered is the development of struc-

tural cracking. Models are currently available for both rigid and flexible

pavements for the prediction of structural cracking, but the effect of the

cracking on the roughness of a pavement is a relatively unknown quantity.

Due to liW interaction of the aircraft and runway surface the loading

to the pavement is not necessarily equal to the stated loading of the aircraft.

The consideration of dynamic load in the procedure would add an order of magni-

tude in the solution process. Such loadings are a function of both profile

and speed,and thus consideration of the determination of the dynamic loadini

would require continuous updating as the profile changed.

The profile could also be affected by climatic conditions, particularly

in frost areas. For pavements that are not designed for full frost protection

the frost heave is likely to be very critical. The weakening of the subgrade

during spring thaw is another factor that should be considered as the permanent

deformation that occurs during this period of time may be greater than the

deformation occurring during the remainder of the year.

For rigid pavements the joints pose a special problem. There is some

statistical chance or dowel failures, spalling, pumping, or other joint problems

that could create a rough pavement. For rigid pavements, more so than flexible

pavements, research aimed at solving the problems of predicting pavement rough-

ness is almost nonexistent.

Summary

A simplified procedure has been developed for considering roughness in

pavement design. The procedure used the variation in pavement section to gen-

erate a stochastic airfield pavement. A model was developed for predicting

the permanent surface deformation with aircraft traffic. Thus the predicted

deformation can be added to the initial profile to yield a pavement surface at

any point in time. The predicted pavement section can be tested for roughness

by the use of an aircraft simulation computer program.

Extension of this simplified procedure to provide consideration of some

of the other factors that affect pavement roughness would require a large

research effort. Although the research effort for complete development of the

methodology is large, it is a project that should be undertaken. The return

on such an effort in terms of better pavement design and pavement management

data would justify the monies spent.

13
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List of Numbers HavingBeta Distribution
Obtained from Program BETADIS

6.990 7.970 12.081 6.575 4.092 4.002

11.527 5.810 10.030 8.418 b.230 6.926

7.261 1.965 10.229 9.701 6.806 6.129

5.911 3.787 7.597 4.393 5.418 4.947

5.145 8.675 8.03.) 3.651 4.360 3.889

7 (16 9.378 5.388 4.659 7.681 7.325

5.264 5.327 4.810 .705

Mean = 6.7; Standard Deviation = 2.2
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Appendix B: Development of a

Basic Rutting Model

INTRODUCTIC7:

The Waterways Experiment Station (WES), in seeking a more rational -_pproach

to design of flexible pavements than the presently used CBR design procedure,

has develoooi, under sponsorship of the Federal Aviation Administration (FAA)

an tul Offite, hief of Engineers (:2e), subgrade strain criteria for both

1i 2.
roads 3rBabstnn, et al ) and airports (Barker ant Brabston ). The criteria

now bei.- inocrorazed into both FAA and OCE design procedures are considered

to be -n- I i sis for limiting the rutting of flexible pavement. The apprrrach

cfiiiting the resilient strain in the subgrade in order to limit r..tt 4

of the u -raie implies that a relationship exists between the permanent

strain and to resilient strain of subgrade soils. In both of the aer gn

procedures the limiting subgrade strain criteria were presented as a function

of the subgrade modulus. The author2 discussed this point in detail ant

presented the results of laboratory tests which indicated that tie relation-

ship botween the permanent strain and resilient strain was indeed a function

of the stiffness of the materi-jl. The work in developing these strain cri-

teria and in stud-ying the results of laboratory tests for conformation of the

criteria created an interest in the relationship between the permanent strain

ani resilie-t strain of subgrade soils.

SUBGRADE -:'!,AIN CRITFRIA

A com arison of the different subgrade criteria is presented in Figure 1.

All of the criteria presented with the excepti.n of that developed by Dr. Chr)a

HePf-r-n te i) has bees developed from parvement sections conforming to soire

BI
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pr.: tvi- established! design standards. Although different design standards

may lhove been used and different methods were employed in characterizing the

granular materials, it is seen when grouped that all of the criteria form a

relatively narrow band across a wide range of repetition levels. Consider

-,.a- for repetition level of 1 x 10 5 repetitions the range of the criteria is

r
°-
. 0.,-, x 10

-3 
t'; 1 x 10

-  
in./in. Even if the criteria of Finn, et .,

an- 7h- . were extra,-oiated to this level of repetition, the range would nct

be increaoec. From the evidence it would appear that for a given level of

rerpe+itions ithe resilient strain at which the pertmanent strain becomes unaccept-

able wouls be within a fairly narrow band. The data presented in Figure 1

s-t..... -y indicate a unique relationship between permanent strain and resilient

:train. Considering the emphasis being placed on the use of the repeated :cad

triaxial test in which both the resilient and permanent strains are measured,

it would seem that the concept of limiting subgrade strain criteria could be

substantiated or disputed from the results of such laboratory tests.

LABORATORY TEST

In recent years much interest has been generated principally by the work

of Parksdale9 in the use of the repeated load triaxial test as a method to

predict rutting of a pavement. The aim of nearly all of the laboratory

rutting tests performed to date has been: first, to define the permanent

deformation as a function of the applied stres,;; and second, to define the

resilient modulus of the material as a function of stress. Only one experiment

known to the author has been performed with the first objective of defining

the relationship between resilient strain and permanent strain. This experiment

reported by Chisolm10 was conducted to substantiate the concept by the author

that the allowable resilient subgrade strain is a function of modulus of the

B3



be' te; i.e., to establish the relat Liiship between resilient strain and

permanent strain for soils having different moduli. To accomplish this objec-

tive, a Yicksburf heavy (buckshot) clay (C}{ ani E-I1) was molded at four dif-

feren: water ccntent. and tested in a repeate] load triaxial test. Since the

obj2 ect of the experiment was to determine only the relative relationships

between resilient strain and permanent strain between the samples, only 1000

load repetitions were applied to each sample. The results of the experiment

are shown in Figure 2. Another experiment in which the establishment of the

relationships between resilient and permanent strain was only a minor part

was conducted at the University of California at Berkeley by Ogawa (Refer-

ence i). The results of this experiment in regard to the relationship between

resilient strain and permanent strain are shown in Figure 3. The results of

these tests are close to those of WES, even though the soils are different and

the tests were conducted at different strain levels and a different number of

strain repetition:o were applied. Both Chisola and Ogawa used almost identical

equipment and procedures in conduicting the two experiments. One seemingly

important factor is that both used LVDT holding clamps placed on the specimen

(a description cf the measuring device is given in References 10 and 11) for

measuring both resilient and permanent strains. When examining the results

of other researchers,the evidence indicates a distinct difference in the test

results depending on how the strains are measured.

The majority of research reports studied were written primar'ly to present

the permanent or the resilient deformation characteristics of a material but

not the relationship between the two. Thus, in order to develop these data,

in many cases it was necessary to calculate missing parameters which, in most

cases, was the resilient strain. The d:ita studiel were that reported by

9 12 13jBarksdale, Kalcheff and Hicks, Fossberg, eei and McNeil., Brown et al.,

B4
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A:tuie. Ad. it w c,!i, : .1 i,- tn j! . :- ,'P str:" hi; t ry hai 'n

efect un the per.nt strain 1:i" n: effect : resii e.' ,:tradn, te da't

a:- jt n 'igt:re ? ;I: ilc'tt i the re]atir:hi1 l<w.o: per.manfent strain

anI resilient strain 1s little af'fo',te: Lv rs mer-.oe :: fferen-es in stress

history. In the plot, a distinct relatrionship for eutch overconsolidation

ratio is presente but the difference appe-rs rnconsistent and could be experi-

mental error. A single relationship would prcbably suffice for this set of

data. The dati Iresentcel by Barksdale (Figure 3), f,:eJ (Figure 5), and

Fossberg (Figure 3) are all straightforward, each of which provided useful

information. Of all the tests, those conducted by Fossberg covered the

largest range (.0002 to .0042 in./in.) of resilient strains. Two tests, one

by Barksdale and cne by Ogawa, indicated very abrupt change in the slope of

the relationship. For the test by Barksdale the abrupt change came at a

resilient strain of .0013 in./in. and for Ogawo at .0011 in./in. A more

gradual change at about the som'e magnitude of resilient strain was indicated

in the results presented by Fossberg. Such behavior lends strong support to

the use of the limiting subgrade strain concept in pavement design. It can

also be pointed out that the strain criteria developed to date (presented in

Figure 1) are consistent with the laboratory results.

In examining the data plots, it was noted that results of Chisolm,

Fossberg, and Ogawa group together and the data of the other researchers fall

into another group. It has already beem emphasized that Chisolm and Ogawa

employed inside LVDT holding clamps attached to the specimen to measure both

resilient and permanent strains. Fossberg also used the same devices for

the tests he conducted. Barksdale found that such measuring devices gave

him inconsistent readings of permanent deformation and therefore he employed

outside measuring devic-e: for mwii;uring permanent strain but still used LVDT

B10
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cluonrc fir t . : ent e:sii , tr ai. 1,el2 eved that the other

rese-archers all 'I,.: uti :o mte:tsur: n,, iic which measured the defles sion

ever the entire r nt w . 'larj the halt fal into two groups; that in which

the permanent strain wOOs yeassure'l usin LVDT claTps and thus only over the

center portion o2f the sample, ani that in which the permanent strain was

measured using outside devices and thus measured the strain over the entire

sample. The diff eence in the. two ,roups of data is altost an order of

magnitude.

Additional data are avalla-ie by inctud-in tests on granular materials.

Such data have ten presented by Chi:ci, harksdatle, and Kalcheff and Hicks.

The plot of he:e dauta is shown in Firure 6. these data indicate a steeper

relationship between resilient strain and permanent strain than was indicated

for subgrade sol. a. Considering the great difference between the material

properties, the relaticicships for the granudar material are surprisingly close

to those for subgrale soils. It is quite pocibl. that the limiting strain

concept could be extended to apply to granuliar subbase and base materials.

USE OF LABORACORY DATA

It has been shown that the repeated lcad triaxial test is a method for

developing the relationship between resilient strain and permanent strain.

There is still some question as to the best procedure for measuring the

permanent strain and that the results obtained will depend on the particular

procedure used.

In addition to establishin or verifying limiting strain criteria the

data presented in this manner can also be used to estimate the permanent

defirmation of the subgrad,:. In a report on the structural analysis
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heference 18) of i nsLoiated layers the nithor usd t.-he W},' tent data to show

that the rutting of the subf-ra wa:s an in:,[gn ificant part of the total rutting

of the pavemenr. In the anaulvsis the' istrittion of the computed vertical

resilient strain within the sub7rsade. is shown in Pigr,!re 7. Using this distribu-

tion of resilient strain and the relationship between resilient stra in and

permanent strain, as established by Chisclm, then the distribution of permanent

strain as shown in Figure 7 was determine! (that is, ap = k:

where

F = the comuted permanent strain
p

CR = the computed resilient strain

£ = measuied permanent strain in repeated load t riaxial test
p

c' = measured resilient strain in repeated loal triaxial test
13

The total permanent deformation (A ) was then determined by assuming theP

permanent strain went to zero at a depth of 120 in. below the top of the sub-
0

grade and computing the area under the curveo; i.e., A = J sR (E 1 . Using

120

this procedure, the deformation at the top of the subgrade was estimated to be

0.08 in.

A conservative estimate of the permanent deformation at the top of the

subgrade can be estimated quickly and easily by using the ratio of permanent

strain to resilient strain as aetermined from the computed resilient strain

at the top of the subgrade. The ratio is then used as a constant multiplier

to the computed subgrade resilient deformation (A ) to estimate the subgrade
R

permanent deformation. This assiues that the ratio of permanent strain to

resilient strain remains constant with depth which, of course, is not true.

This is to say if - is a constant, then the previous equation becomes
R

LB1

Blh
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0
So .For the exw:.1le given above the strain ratio is about

p = - , R  •

1.6 and the computed resilient defurmation at the top of the subgrade was 0.115,

giving an estimated permanent deformation of 0.184. This estimate is over twice

the previous estimate. The difference being, as mentioned before, that the

ma.ximum strain was assumed constant with depth and also that previously it was

assumed that the permanent deformation was zero at 120 in., whereas in the

latter estimate it was assumed the permanent strain extends to an infinite

depth.

The same procedure can be used to compute the permanent deformation in

other layers of the pavement systems. Consider the three pavement types as

shown in Figure 8 in which sections 1 and 2 were subjected to simulated traf-

fic of a C-5A aircraft and sectien 3 to the simulated traffic of a 747 aircraft.

To compute resilient strains the material properties as shown in Figure 8 were

assumed (from procedure given in Reference 2) and a modified version of the

Chevron computer program was employed as a mathematical model for computing

resilient strains. From the previously discussed laboratory data the relation-

ship of permanent to resilient strain for levels of 100, 1000, and 10,000 strain

repetitions as shown in Figure 9 was assumed. These relationships must be

considered as a pure guess at the true rela-ionships between the computed

resilient strains and the resulting permanent strains in the pavement system.

The computations for determining the permanent strains are shown in Tables 2,

3, and 4, and resulting distributions of permanent strain with depth for

repetition levels of ]00, 1000, and 10,000 coverages are shown in Figures 10,

11, and 12 for pavement sections 1, 2, and 3, respectively. It is to be

noted that it has been assumed that no permanent strain occurred in the

asphalt concrete and ths one coverage produces one strain repetition. It
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TABLE B2

Cc:.: u'A tat on gf F'r Ia.n fl't ;I r-ain- f r T v nment f

V. it t

t.2 . .219 .0115 m065 0

9 . 2 .0011 .0087 .012 ,014

sand G". 0 .212 ,0016 .068 .14 15

Sandi ,. 3 1 . 001 .o0 .05.

land 3r. 3 -15 oh08 .0

Sand W. - 15 .20n . 0012 .030 .044 0 G0

and or. 1 18 , .001i. 01 .011 02(0

oand Gr. 4 -21 .19 .0008 .9 1 .02 0

6and Gr. 21 .193 .0)0 0,8 206 .034

gm! ' .. ,5 2L .1 {, 00,,i"} .o14 .020 .0215

an Gr. 5-27 .192 .0009 .014 .020 .00

sand of. P7 .200 .002 .030 0 4  00

sand of. 6 30 .180 .00ii .024 .035 .05

Sand or. 6 -33 is-, .001 .055

Clay 7 33 I ,011 .0176 .O0Q1 .01215

Clay 7 36 .18 .301 007 .0086 .010?

Clay 7 8 .06, , 0060 .0071 .005s

Cay 7 60 ,1 { .;0 . 2  .0!,0!

Clay 7 120 .10C43
1  ,oo]l 0,018
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TABLE B3

Cc: ut.::'trri of pthanent Strain for Pavement 2

E pP P P

Material- Layer D~epth Ep 100 91000 @ 10 000o

Cr. St. 2 3 .228 .001i .0082 .012 .0155

Cr. St. 2 6.5 .225 .0010 .0068 .0097 .0126

Cr. St. 2 -10 .222 .0009 .0056 .0078 .0100

Cr. St. 3 10 .222 .0012 .0098 .014 .019

Cr. St. 3 13.5 .218 .009 .0056 .0078 .0100

Cr. St. 3 -17 .215 .0009 .0056 .0078 .0100

Cr. St. 4 17 .215 .0013 .0115 .0165 .022

Cr. St. 4 20.5 .211 .001i .0082 .012 .0155

Cr. St. 4 -24 .207 .0011 .0082 .012 .0155

Clay 5 2L .207 .0020 .009L .0113 .0158

Clay 5 30 .19c .0017 .008: .0096 .0123

Clay 5 36 .15, .0015 .007L .008C .0109

Clay 5 48 .170 .0012 .0060 .0071 .0088

Clay 5 60 .158 .0016 .0052 .0061 .0074

Clay 5 120 .108 .06 .004 .OoL .0048

B
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TABLE B4.

uorTiJutation- of -1I~rmanc-nt Str-a-in for Pavemnent 3

p p

cab. 2 3 l 0027 .0015 .01(65 .022

]r 2. .2-- .21 .00c 2 .- 2 .05

Stb .3r.1 .214 016 0

Star. _,,r 8 22 13 0) .017 .02> .001

St ab. 27. L. r, .00(1 .0017 .0 0 2 .003

cl ay cm-T) ' .0,076. .06 00

Clay 3 36 197 .002A .0068 Io D010

uy 16: 6 0 .0r)10 .01 .0089

61a 36 12Jo o0o .006I .0071
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Figure BIO. Cnmputed permanent strain for pavement section 1
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Figure B12. Computed permanent strains for pavement section 3

B24



has also been asumel that the stabilized gravel had the same relationship

between permanen and resilient strain as the crushed limestone.

To compute the total permanent deformation the function representing

the distribution of the permanent strain was numerically integrated by com-

puting the area under the distribution curves. For this computation, the

permanent strain was assum-ed to be zero at a depth of 240 in. The total

permanent deformations for the pavement sections at the different coverage

levels is given in Table 5. The comparison of the computed permanent deforma-

tion with the measured permanent deformation is shown in Figure 13. For each

of the test sections the permanent deformation was overestimated at 100 ccv-

erages and underestitmated at failure.

There are deficiencies in the procedure, notably the assumed relationships

between resilient strain and permanent strain, the inability of layered elastic

theory to predict strains and the use of a coverage as a strain repetition,

which affected the predicted results. Of these deficiencies probably the most

serious and the most difficult to correct is the inability of the analytical

model to predict the resilient strains. The accuracy of the prediction is

greatly affected by the accuracy of the computed resilient strain which

emphasizes the need for more accurate models for predicting responses of

pavement systems.

B25
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TABLE B5

Coninuted Surface Deformation

Pavement @ 100 @ 1000 @ 10,000
Section Coverages Coverages Coverages

1 1.452 1.785 2.344

2 o.866 1.059 1.285

3 0.772 0.9331.4

B26
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